Superconducting quantum interference device (SQUID) sensors are used to sense changes in various physical quantities, which can be transformed into changes in the magnetic flux threading the SQUID loop. We have developed a novel SQUID array dc current sensor. The device is based on a series array of identical dc SQUIDs. An input signal current to be measured is coupled tightly but non-uniformly to the SQUID array elements. The input signal coupling to the individual array elements is chosen such that a single-valued, non-periodic overall voltage response is obtained. Flux offsets in the individual SQUIDs which would compromise the sensor voltage response are avoided or can be compensated. We present simulations and experimental results on the SQUID Array for Dc (SQUAD) current sensor current sensor performance. A dc current resolution of <1 nA in a measurement bandwidth of 0-25 Hz is achieved for an input inductance of L In < 3 nH.
Introduction
Superconducting quantum interference devices (SQUIDs) are by their nature detectors of magnetic flux, and they show a strictly periodic and multi-valued voltage-to-flux characteristics [1] . Single SQUID sensors can be used for precision measurements of various physical quantities, for instance magnetic field (e.g. biomagnetism), electric current (e.g. electrical metrology) or mechanical displacement (e.g. gravitational wavedetectors). The signals to be measured are transformed into changes of the magnetic flux threading the SQUID loop. Using SQUID devices for absolute value measurements would be interesting for instance for SQUIDbased current monitors of dc beams of charged particles in accelerators such as electron synchrotrons. It has been proposed by Carelli et al to use a series array of SQUID sensors of different sensitive areas for absolute magnetometry [2] . More generally, SQUID series arrays (SSAs) of non-identical SQUIDs for absolute value measurements have been discussed in [3] .
Based on the concept of combining SQUIDs with different sensitivities to the signal of interest we have developed practical and sensitive SQUID Array for Dc (SQUAD) current sensors. Our SQUADs show a non-periodic voltage-to-input current response with a pronounced minimum for zero input current. The choice of the signal couplings represents a practical compromise to obtain a single-valued voltage response and an improved signal-to-noise ratio. The device design ensures that both equal and random flux offsets in the individual array elements are avoided which would otherwise compromise the device voltage response. Figure 1 schematically depicts the SQUAD. The device comprises a serial connection of N dc SQUIDs, an input coil and an offset coil. As in a conventional SSA [4] , the device is current biased with I , and the voltage V across the array is the sum of the voltages V n across the individual array elements. The input current I In couples magnetic flux into the array elements via the different individual mutual inductances M In,1 , . . . , M In,N . Apart from the varied mutual inductances the SQUID array elements are identical and have the same SQUID loop, inductance L SQ , Josephson junction critical currents I 0 , and junction shunt resistors R. When using a series array of non-identical SQUIDs [3] , the flux noise performance per se cannot be as good as for an SSA of identical SQUIDs. This is because the SSA noise is assumed to be generated by the uncorrelated noise of the array elements. Therefore, the SSA noise is minimal when the noise of all array elements is minimal.
Design and simulations
We have simulated the overall voltage response of the SQUAD and used the phenomenological equation
to calculate the voltage across the nth SQUID, V n , in units of I 0 R. The current i SSA is the normalized bias current I /I 0 . The normalized flux φ n is the magnetic flux threading the nth SQUID, n = M In,n I In + M Offs I Offs , in units of the flux quantum 0 = h/2e (h-Planck's constant, e-elementary charge). The overall voltage is the sum of the voltages V n of all array elements. Equation (1) differs from the expressions used in [2, 3] ; however, we found this relation to better describe the voltage response of a dc SQUID with
We consider now the signal and the noise of the SQUAD sensor. The change in output voltage δV for a changing input current δ I In is
with the voltage-flux transfer coefficient V ,n = δV n /δ n of the individual array elements. The flux noise of the array elements noise,n is assumed to be uncorrelated. We further assume that for the identical array elements the flux noise levels noise,n = noise as well as V ,n = V . The SQUAD noise is expressed as
The signal-to-noise ratio (SNR) is then given by
This relation shows that for a high SNR the mean input mutual inductance M Mean should preferably be maximized. For possible variations of the input mutual inductances M In,1 , . . . , M In,N we consider the arithmetic relation
In [3] a relation was suggested to choose the different SQUID loop sizes used there which corresponds to equation (5) with the exponent p = 1. Equations (4) and (5) are combined to express the SNR in the form
For given array elements, i.e., fixed noise and maximum mutual inductance M max = M In,N , we can choose M In,1 , . . . , M In,N −1 such that the second term in equation (6) is maximized. Figure 2 In conventional SQUID arrays N is typically chosen such as to match the dynamic resistance of the device to the noise impedance of the readout electronics used. This limits the range of reasonable array sizes N. We assume, as an example, N = 18. Figure 2 (b) gives the input mutual inductances M In,n normalized to M max varied according to equation (5) for different exponents p as well as the normalized mean input mutual inductance. With decreasing p the mean input signal coupling increases.
Apart from the above SNR consideration the scaling of M In,1 , . . . ., M In,N has to be chosen such that a single-valued and non-periodic overall voltage response of the SQUAD sensor is obtained. In figure 3 SQUAD voltage response curves simulated using equation (1) for i = 2.2 are plotted. The mutual inductances were varied according to equation (5) with the exponent p as a parameter. The independent variable is the input current in units of 0 /M max , i.e., for I In = 0 /M max one flux quantum is coupled into the array element with the largest input mutual inductance M max = M In,N . The offset coil current I Offs = 0. The curves are calculated for N = 18. The curve features discussed in this paragraph, however, are found to be independent of N. The voltage versus input current curves necessarily show a minimum exactly for zero input current as there is no flux threading any array element for I In = 0 (5) with the exponent p about 1/3. With further reduced p the depths of the minima neighboring the global minimum at I In = 0 start to increase significantly.
We now consider the effect of flux offsets to the SSA elements. Such flux offsets can be random, for instance from trapped magnetic vortices producing stray flux, or intentional, for instance when asymmetric bias current feed (ABCF), bias current feedback (BCF) [5] or asymmetric junction parameters [6] are employed. These methods are used to effect the dynamics and noise performance of SQUID devices. Figure 4 illustrates the flux offset effects. The voltage response curves 
Experiments
We have designed and fabricated SQUADs with N = 18 array elements. In these 18-SQUAD current sensors random flux offsets are avoided, and equal flux offsets can be compensated. This is achieved by using narrow-stripline, highly symmetric and gradiometric SQUIDs for the array elements which are of the same design as used in our conventional SSAs [7] . To address the second issue, an offset coil for flux biasing is included; see figure 1. A current I Offs produces an equal amount of flux in each SQUID via the mutual inductances M Offs . This way the above-mentioned trimming the voltage response is possible.
The input inductances L In,1 , . . . , L In,18 are single turn coils. The length of these input coils varies for the individual array elements such that a variation of the mutual inductances M In,1 , . . . , M In,18 according to equation (5) with p ≈ 1/3 is realized. The total input inductance amounts to <3 nH. In figure 5 the measured overall voltage characteristics of an 18-SQUAD cooled down in the Earth's magnetic field is shown. In figure 5 (a) the output voltage versus the input current is plotted for different bias currents. A pronounced and symmetric antipeak for zero input current is present. In figure 5 (b) the input current range is expanded to ±2.5 mA corresponding to ±110 flux quanta 0 in the array element with the maximum input coupling. No further antipeak such as the one at I In = 0 is observed. The graphs in figure 6(a) show the SQUAD voltage response for currents I In and I Offs . A 0 -period of the voltage response just as for a single SQUID and a conventional SSA is observed when I Offs is applied. This shows the uniform offset flux biasing of all array elements by means of the offset coil. The function of this offset flux biasing is illustrated in figure 6 (b). It shows the SQUAD voltage response around I In = 0 for different offset flux biases. For I Offs = 0 the voltage response is asymmetric and the antipeak is no longer at I In = 0 but shifted. This behavior is caused by asymmetric bias The non-periodic SQUAD voltage response with the antipeak at I In = 0 allows for different modes to measure a dc current. For instance, it is possible to symmetrize the voltage response; see figure 6(b) solid curve. Then, a flux modulation technique can be applied to determine the input dc current. This approach would be reasonable if the SQUAD noise is very similar on the positive and negative slopes of the antipeak. In our SQUAD, although the overall voltage response can be trimmed to be highly symmetric, the noise differs on the two slopes of the SQUAD voltage response around I In = 0. This is due to the ABCF which is intentionally used here to effect the dynamic resistance: the R Dyn is smaller on the positive than on the negative slope of the antipeak. The overall noise performance of the SQUAD is, hence, improved on the positive slope of the antipeak, partly because of the scaling of the preamplifier noise contribution with R Dyn . Therefore, we operated the device in a locked-loop mode using a lock point at the positive slope of the voltage response.
The locked-loop scheme is given in figure 7 (a). The feedback signal is applied into the input coil. This way, the SQUAD current noise is directly given by the noise measured at the locked-loop output V OUT divided by the feedback resistor R FB . In the locked-loop scheme it is also shown that the preamplifier input is actively shunted [8] . This leads to a loading of the SQUAD with the beneficial effect of an improvement of the voltage response linearity. In figure 7 (b) the loaded voltage response is shown with the lock point at I In = 0. Using this lock point the current noise measurements in locked mode have been made, the results of which are plotted in figure 8 . The input referred current noise density √ S I shows values between 14 pA Hz −1/2 at 100 Hz and 200 pA Hz −1/2 at 0.1 Hz. In figure 8 (b) a typical time trace of the feedback current for a measurement band width of 0-25 Hz is plotted. From the variations of the feedback current a dc current resolution of <1 nA can be estimated.
The noise measurement shows that the current noise increases towards low frequencies. This is a typical phenomenon in SQUIDs and is thought to be caused, at least partly, by fluctuations in the Josephson junction parameters and/or 'true' flux noise [1] . In conventional SQUIDs, a number of different flux modulation schemes, in conjunction with 'ac biasing', are used to reduce the contribution of junction parameter fluctuations to the overall low-frequency noise performance. These classical modulation techniques can also be applied to the SQUAD. The offset coil would then be used to apply modulation flux equally to all array elements.
Conclusions
We have designed and tested a novel, practical and sensitive dc current sensor based on a SQUID series array of identical SQUIDs. The input signal current is non-uniformly coupled to the array elements. The variation of the input signal coupling has been chosen such that a non-periodic overall voltage response with a pronounced antipeak at zero input current is obtained, and at the same time an acceptably high mean input coupling is achieved. Random flux offsets are avoided by design, thereby allowing magnetically unshielded operation in the Earth's field. We can apply asymmetric bias current feed (ABCF) to diminish the noise contribution from the preamplifier current noise of the direct coupled readout electronics. Bias current feedback (BCF) with a dedicated BCF coil can be applied, as well. This is because equal flux offsets in the array elements caused by ABCF or BCF can be compensated by an integrated flux offset coil. The device is compact (two independent SQUADs on a 3 × 3 mm 2 chip), dissipates about 3 nW, has a total input inductance of <3 nH, and shows a dc current resolution of <1 nA in dc bias.
